The fibroblast growth factors (FGFs) form a family of heparin-binding growth factors and oncogenes with at least 18 structurally related members (reviewed in references 6, 11, and 30) . Individual FGFs play important roles in various physiological and pathological processes, including embryonic development, cell growth, morphogenesis, tissue repair, inflammation, angiogenesis, and tumor growth and invasion (30) . The first characterized members of the FGF family were acidic FGF (aFGF or FGF-1) and basic FGF (bFGF or FGF-2), which were purified as mitogens for fibroblasts from the pituitary and brain (7, 9, 12, 23, 41) . Subsequently, it became apparent that these growth factors were able to promote the growth of mesodermal and neuroectodermal cells during both embryogenesis and adulthood (14, 15) . Indeed, morphogenic events involving the epithelium and the underlying mesenchyme have now become a hallmark of the functions of each FGF family member. While FGFs may affect the pattern of differentiation of ectodermal precursor cells in early embryos (24, 40) , the function of FGFs is often to stimulate tissue repair (wound healing) in the adult (5, 8) . This repair function may be mobilized in the presence of certain pathological conditions, for instance, diseases of the retina, muscular dystrophy, rheumatoid arthritis, and Alzheimer's disease (reviewed in reference 13). Furthermore, it appears that inappropriate or altered expression of FGFs and their receptors occurs in the presence of a variety of cancers, including many common carcinomas (1, 2, 10, 18, 19, 27, 28, 32, 33, 43, 50) .
FGF family members use a dual receptor system to exert their cellular effects. The signal-transducing subunit is a family of FGF receptors (FGFRs). The other subunit is heparan sulfate (HS) proteoglycan at the cell surface (25, 37) . HS, the most structurally complex glycosaminoglycan made by animal cells, is chemically related to heparin but markedly different from it in uronic acid content and extent of sulfation (21) . Heparin can activate the mitogenic activity of several FGFs (26, 37) but inhibits that of some FGFs (16, 35) . Moreover, the effect of heparin on FGF mitogenic activity appears to be cell type-dependent and remains to be elucidated (16, 38) . Since heparin is a pharmaceutical product derived from proteoglycans within intracellular vesicles (21) , it is probably not a physiological activator of FGFs. The full definition of the structures involved in the interactions between FGFs and their cognate receptors, as well as the consequences of these interactions, will lead to a greater understanding, at the molecular level, of the role that FGFs play in developmental and pathological processes.
Here we report the isolation, characterization, and functional study of a novel mouse and human member of the FGF family, designated FGF-18. Structural analysis revealed that FGF-18 is highly conserved between humans and mice and is most similar to FGF-8 (42) among the FGF family members. The purified recombinant murine FGF-18 (rMuFGF-18) protein was biologically active in vitro and in vivo. Similar to FGF-2 (17, 22, 34, 48) , rMuFGF-18 stimulated proliferation in a fibroblast cell line, NIH 3T3, in a cell-associated HS-dependent manner. In particular, functional studies of rMuFGF-18 protein in vivo showed that FGF-18 is a pleiotropic growth factor that stimulated proliferation in many cell types and a wide variety of tissues, including tissues of both epithelial and mesenchymal origin. However, the two tissues which appeared to be the primary targets of rMuFGF-18 were those of the liver and the small intestine.
MATERIALS AND METHODS
Isolation of full-length mouse and human FGF-18 cDNAs and sequence analysis. A novel mouse expressed sequence tag (EST) cDNA fragment of 495 bp with significant homology to human FGF-8 and FGF-9 was identified in the Amgen EST database. This EST cDNA was used as a probe to screen a mouse kidney cDNA library in the Uni-ZAP XR phage vector (Stratagene, Inc., La Jolla, Calif.). For hybridization, replicate filters were prehybridized for 1 h at 68°C in Express hybridization buffer (Clontech Laboratories, Inc., Palo Alto, Calif.) and hybridized overnight in the same solution with the [ 32 P]dCTP-labeled probe. After hybridization, the filters were washed several times at high stringency, at 65°C in 0.2ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7])-0.1% sodium dodecyl sulfate (SDS), and subjected to autoradiography. Twenty positive clones were picked and purified after screening 4 ϫ 10 6 phages. The cDNA inserts of these positive phage clones were subsequently converted into pBluescript SKϪ plasmid vector by using the in vivo excision method with the ExAssist helper phage as specified by the manufacturer (Stratagene, Inc.). After analysis of the inserts, four long (full-length) clones were sequenced on both strands by a PCR procedure involving fluorescent dideoxynucleotides and a model 373A automated sequencer (Applied Biosystems, Foster City, Calif.). For human FGF-18 cDNA cloning, the full-length mouse FGF-18 cDNA was used as a probe to screen a human heart TripEx cDNA library (Clontech Laboratories, Inc.). Several positive clones were obtained, and the cDNA inserts of these phage clones were subsequently converted in vivo into pTripEx plasmid vector, as specified by the manufacturer (Clontech Laboratories, Inc.). The full-length cDNA clones were sequenced on both strands as described above. Sequence comparisons were performed with the Bestfit program or aligned with the PileUp program of the Genetics Computer Group sequence analysis software package (Wisconsin Package version 9.0).
Western blot and Northern blot analyses. The culture media from 293-EBNA cells or the pCEP/FGF-18/Flag-expressing cells were collected and analyzed by Western blot analysis. After SDS-polyacrylamide gel electrophoresis (10% polyacrylamide) (PAGE), protein samples were electroblotted onto a polyvinylidene difluoride membrane (Novex, Inc., San Diego, Calif.) and probed with the antiFlag M2 monoclonal antibody (MAb) (Kodak Scientific Imaging Systems, New Haven, Conn.). Immunocomplexes were visualized by enhanced chemiluminescence detection (Amersham, Inc., Arlington Heights, Ill.) with goat anti-mouse antiserum conjugated with horseradish peroxidase as a secondary antibody (Pierce, Rockford, Ill.). Mouse and human multiple-tissue Northern blots containing poly(A) ϩ RNA (2 g/lane) from a variety of different tissues were purchased from Clontech Laboratories, Inc. Mouse or human FGF-18 cDNA was labeled with [ 32 P]dCTP to a specific activity of approximately 10 8 dpm/g. Membranes were hybridized with either the mouse or human FGF-18 cDNA probe, washed at high stringency (65°C in 0.2ϫ SSPE-0.1% SDS), and subjected to autoradiography.
In situ hybridization. Radiolabeled antisense or sense transcript was synthesized from the linearized mouse FGF-18 cDNA plasmid with T7 or T3 RNA polymerase (Promega, Inc., Madison, Wis.), respectively, and [
33 P]rUTP (Amersham, Inc.). In situ hybridization was performed as previously described (49) . Slides were counterstained with hematoxylin and eosin (H&E) and photographed under dark-field illumination.
Purification of rMuFGF-18 protein. Mouse FGF-18 cDNA (amino acids 27 to 207) was subcloned into the bacterial expression vector by PCR with the forward and reverse primers 5Ј-TATTCTAGAGCCGAGGAGAATGTGGACTTCCG C-3Ј and 5Ј-TATCTCGAGCTAGCCGGGGTGAGTGGGGCGGATC-3Ј, and the resulting plasmid was designated pAMG/FGF-18. This plasmid was introduced into Escherichia coli GM221 (Amgen, Inc., Thousand Oaks, Calif.). The E. coli cells were mechanically lysed in water with a Gaulin homogenizer, and the lysate was centrifuged at 10,000 rpm for 2 h. The supernatant was mixed with an S-Sepharose resin (Pharmacia, Inc., Piscataway, N.J.) equilibrated in 50 mM Tris (pH 8.0). After a 30-min incubation at 4°C with slow stirring, the resin was transferred into a sintered glass filter. It was then extensively washed with the same buffer and packed into a column. After a further wash in the column with the same buffer followed by a wash with 0.5 M NaCl-50 mM Tris (pH 8.0), the bound proteins were eluted with a linear NaCl gradient from 0.5 to 3 M in the same Tris buffer. The fractions containing rMuFGF-18, as determined by SDS-PAGE, were eluted at 2 M NaCl. These fractions were pooled and dialyzed against 10 mM sodium phosphate (pH 7.0) with a Spectra/Por 3,000-molecularweight-cutoff dialysis membrane. After several changes of dialysis buffer, the protein solution was loaded onto a freshly packed S-Sepharose column (equilibrated with 10 mM sodium phosphate [pH 7.0]). The bound proteins were eluted with a linear NaCl gradient from 0.5 to 3 M in the same (phosphate) buffer. The fractions containing greater than 90% rMuFGF-18 were pooled and dialyzed against the phosphate-buffered saline with the same dialysis membrane, filtered under sterile conditions, and stored at 4°C.
Production and deglycosylation of mammalian rMuFGF-18. Full-length mouse FGF-18 cDNA (amino acids 1 to 207) was cloned into the mammalian expression vector pCEP4 (Invitrogen, Inc., Carlsbad, Calif.) by PCR with the two forward and reverse primers 5Ј-TATAAGCTTGGTACCGCCACCATGTATT CAGCGCCCTCCGCC-3Ј and 5Ј-TATTGCGGCCGCTTATCATTTATCATC ATCATCTTTATAATCGCCGGGGTGAGTGGGGCGGATC-3Ј. The second primer included a Flag tag at the 3Ј end, and the resulting plasmid was designated pCEP/FGF-18/Flag. 293-EBNA cells were grown in Dulbecco's modified Eagle's medium (DMEM) (GibcoBRL, Gaithersburg, Md.) supplemented with 10% fetal bovine serum (FBS) (GibcoBRL). Cells to be transfected were plated at a density of 2 ϫ 10 6 cells per 100-mm dish the day before transfection. 293-EBNA cells were transfected with expression plasmid (10 g per dish) by using the calcium phosphate precipitation protocol (Specialty Media, Inc.). The VOL. 18, 1998 FGF-18 IS A PLEIOTROPIC GROWTH FACTOR 6065 positive cell clones were isolated by hygromycin B (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) selection and expanded.
For deglycosylation experiments, FGF-18F-producing 293-EBNA cells were treated with tunicamycin (Sigma Chemical Co., St. Louis, Mo.) or the conditioned media containing mammalian FGF-18F protein were treated with various deglycosylation enzymes including neuraminidase, N-glycanase, and O-glycanase (Oxford GlycoSciences, Inc., Wakefield, Mass.). The treated mammalian FGF-18F protein was examined by Western blot analysis with anti-Flag M2 MAb.
Heparin-binding assay. Cell lysate containing rMuFGF-18 protein was passed through a heparin-Sepharose (Pharmacia, Inc.) column. After extensive washing, the bound proteins were eluted with 2 M NaCl, electrophoresed, transferred to a polyvinylidene difluoride membrane, and probed with anti-rMuFGF-18 antibody. A separate heparin-binding experiment was performed with a Biospecific Interaction Analysis (BIAcore) instrument (Pharmacia Biosensor, Piscataway, N.J.). FGF-2 or rMuFGF-18 protein was immobilized on a CM5 sensor chip on a BIAcore instrument, and binding assays were performed in 10 mM HEPES (pH 7.5)-150 mM NaCl-2.4 mM EDTA with heparin (20 g/ml); the runs were 30 to 35 l of analyte at a flow rate of 5 l/min, as specified by the manufacturer.
NIH 3T3 cell proliferation assay in vitro. NIH 3T3 cells were cultured in DMEM supplemented with 10% FBS in the absence or presence of 30 mM sodium chlorate (Sigma Chemical Co.) (34) . The cells were collected by trypsinization, and a cell suspension (7,500 cells per 100 l) was dispensed into each well of 96-well tissue culture microtiter plates (Falcon, Becton Dickinson Labware, Lincoln Park, N.J.). After 24 h, the medium was changed to DMEM-0.1% FBS (starvation medium), and culturing was continued for 24 h. Growth factors (rMuFGF-18 or FGF-2) were added to each well at this time, and 5-bromo-2Ј-deoxyuridine (BrdU) (Boehringer Mannheim) was added to each well after 16 h. (Recombinant human FGF-2 was included in these assays as a positive control, while phosphate-buffered saline was used as a negative control.) After a 5-h incubation, the cells were fixed for 30 min at Ϫ20°C with 70% ethanol containing 0.5 M HCl. Subsequently, DNA synthesis was assayed quantitatively by measuring BrdU incorporation into cellular DNA with an anti-BrdU antibody by using a standard cell enzyme-linked immunosorbent assay (ELISA) protocol. The cells were treated with nuclease solution for 30 min at 37°C, washed, and incubated for 30 min at 37°C with the anti-BrdU antibody labeled with peroxidase (Boehringer Mannheim). After being washed, the samples were incubated with peroxidase substrate at room temperature for 15 min. The absorbance at 490 nm of the samples was determined by using a scanning multiwell spectrophotometer (ELISA reader; Molecular Devices, Corp., Sunnyvale, Calif.) with the excitation at 405 nm. Similarly, the tetrazolium MTS cell proliferation assay (Promega, Inc.) was performed as specified by the manufacturer.
Necropsy, clinical pathology, and histopathology. Eighteen 8-week-old female BDF1 mice were divided into six groups of three mice each (one treated and one control group injected once daily for either 1, 3, or 7 days). Treatments consisted of intraperitoneal injections with either 5 mg of rMuFGF-18 or vehicle per kg. At 1 h before necropsy, all the mice were injected intraperitoneally with 50 mg of BrdU per kg. At necropsy, the mice were radiographed, blood was collected, body and selected organ weights were measured, and tissues were harvested for routine histological and cell proliferation (BrdU-labeling) analyses. Serum was analyzed for clinical chemistries on a Hitachi 717 system (Boehringer Mannheim), and complete blood cell counts were obtained from whole blood with a Technicon H1E analyzer (Miles Technicon Instrument Corp., Tarrytown, N.Y.). Zinc formalin (Anatech, Battle Creek, Mich.)-fixed tissues were embedded in paraffin, sectioned at 4 m, and stained with H&E. Data from the rMuFGF-18-injected mice at each of the three time points were analyzed with respect to data pooled from all nine control mice by using an unpaired Student t test (see Table  1 ).
Immunohistochemistry and cell proliferation analysis in tissues. Nuclear BrdU incorporation was assessed on serial 4-mm-thick paraffin sections. An automated staining method was used with a TechMate Immunostainer (BioTek Solutions, Santa Barbara, Calif.). Tissue sections were digested with 0.1% protease (Sigma Chemical Co.) followed by 2 N HCl. BrdU was detected with a rat MAb to BrdU followed by a biotinylated anti-rabbit/anti-mouse secondary cocktail (BioTek) and an avidin and biotinylated horseradish peroxidase macromolecular complex (ABC) tertiary coupled to alkaline phosphatase (BioTek). The staining reaction was visualized with BioTek Red chromagen (BioTek). BrdUlabeled hepatocytes were quantified manually by investigators blinded to the treatment group, by counting BrdU-labeled hepatocytes in 10 noncontiguous, randomly chosen microscopic high-power fields (HPF) (40ϫ objective) per liver section to determine the mean number of BrdU-positive hepatocytes per HPF.
Preparation and analysis of transgenic mice. The coding region for the mouse FGF-18 cDNA was subcloned into an expression vector, placing it under control of the human ApoE promoter and liver-specific enhancer (39) . For microinjection, the ApoE-FGF-18 plasmid was purified through two rounds of equilibrium centrifugation in CsCl. The plasmid was digested with ClaI and AseI, and the 3.3-kb transgene insert was purified on a 0.8% ultrapure DNA agarose gel (FMC) by electrophoresis onto NA 45 paper. The purified fragment was diluted to 1 to 2 g/ml in 5 mM Tris (pH 7.4)-0.2 mM EDTA. Single-cell embryos from BDF 1 ϫ BDF 1 -bred mice were injected essentially as described previously (4). Embryos were cultured overnight in a CO 2 incubator, and 15 to 20 two-cell embryos were transferred to the oviducts of pseudopregnant CD1 female mice. Of 77 offspring generated from implantation of microinjected embryos, 11 were identified as transgenic founders by screening for the ApoE-FGF-18 transgene in DNA prepared from ear or tail biopsy specimens. The 11 founders were necropsied (as described above) at 6 to 8 weeks of age. Northern analysis of total RNA from snap-frozen liver revealed six expressors (two males and four females). Transgene mRNA levels were measured by semiquantitative Northern analysis and classified as "high," "medium," or "low" based on relative band signal intensity (n represents the number of animals). Two female and three male mice lacking the transgene were used as control animals. Blood and tissues were evaluated as described above, with the exception of cell proliferation. In this experiment, semiautomated counts of total hepatocyte nuclei were obtained in five random fields by using a 20ϫ objective and Metamorph image analysis software (Universal Imaging, West Chester, Pa.). Data were analyzed with JMP statistical software (version 3.2.1; SAS Institute, Cary, N.C.). Values were examined by genotype in nonparametric tests.
Nucleotide sequence accession number. The FGF-18 sequence has been submitted to GenBank and given accession no. AF075291.
RESULTS
Molecular cloning and structure of mouse and human FGF-18 cDNA. A 495-bp partial mouse cDNA sequence with significant homology to FGF-8 was identified from an Amgen EST database derived from a mouse fetal lung cDNA library. Using this mouse cDNA as a probe, we have isolated two full-length cDNA clones from a mouse kidney cDNA library. The nucleotide sequence of 1,094 bp contains a single open reading frame of 621 bp encoding a polypeptide of 207 amino acids, with a calculated molecular mass of ϳ23 kDa (Fig. 1A) . After the ATG initiation codon, there is a stretch of 27 hydrophobic amino acids with the characteristics of a signal peptide (47) and two potential N-linked glycosylation sites with the consensus sequence N-X-S/T, suggesting that it is a candidate secreted glycoprotein. A homology search of the available databases did not reveal any amino acid sequence identical to that of this clone. However, the deduced amino acid sequence of this cDNA is substantially homologous to those of FGF Using the full-length mouse cDNA as a probe, we have also isolated two full-length cDNA clones from a human heart cDNA library. The deduced amino acid sequence of human FGF-18 is 99% identical to that of mouse FGF-18. In addition, human FGF-18 is 72% homologous (60% identical) to human FGF-8 and 69% homologous (58% identical) to FGF-17 (Fig.  1B) ; to a lesser extent, it is homologous to other FGF family members. The amino acid sequence alignments among the 18 known FGF family members were used to infer a phylogenetic tree (Fig. 1C) with the CLUSTAL W program (44) , and FGF-18, FGF-17, and FGF-8 were grouped. Two cysteine residues (Cys109 and Cys127) in the secreted FGF-18, FGF-17, and FGF-8 proteins are conserved (Fig. 1B) , and the Cys127 of FGF-18 is conserved throughout the entire FGF family (data not shown).
Expression of FGF-18 in various mouse tissues. To examine the tissue distribution of FGF-18, we investigated the level of FGF-18 mRNA in several adult mouse tissues by Northern blot analysis. Two distinct FGF-18 transcripts (approximately 2.2 and 1.8 kb) were identified primarily in the lungs and kidneys (Fig. 2) . Lower-level expression of these two transcripts was detected in the heart, testis, spleen, skeletal muscle, and brain. These two transcripts were barely detected in smooth muscle and not readily detectable in the liver and pancreas. Furthermore, we examined the expression of FGF-18 mRNA in the mouse 15.5-day embryo by in situ hybridization with a 33 P-labeled antisense FGF-18 RNA probe followed by autoradiography. The strongest signal for FGF-18 was found in the lungs, primarily in areas of pulmonary mesenchymal cells adjacent to airways (Fig. 3) . FGF-18 signal was also observed surrounding developing bones and in the cerebral cortex of the developing brain ( Fig. 3A and B) . The negative control hybridization with a 33 P-labeled sense FGF-18 RNA probe did not show any detectable signal (data not shown).
Analysis of rMuFGF-18 proteins produced in E. coli and mammalian cells. The rMuFGF-18 protein purified from E. coli showed two major bands on SDS-PAGE (Fig. 4A) , with molecular masses of approximately 26 and 22 kDa. The amino acid sequence analysis of these two bands indicated that both forms of rMuFGF-18 contained the same N-terminal sequence, i.e., EENVDFRIHV, indicating that the smaller form is truncated at the C terminus. The 26-kDa form corresponds to the intact full-length protein, whereas the 22-kDa form lacks approximately 12 amino acids at the C terminus. Two independent preparations of rMuFGF-18 in E. coli showed that the 22-kDa protein was the major form, suggesting that it might be produced by proteolytic cleavage of the full-length protein at the C terminus.
To determine whether rMuFGF-18 could be secreted in mammalian cells, localization of the Flag-tagged FGF-18 (FGF-18F) protein in cultured 293-EBNA cells transfected with the FGF-18F expression vector was examined by Western blotting with anti-Flag M2 MAb. The reactive protein was detected primarily in the culture medium (Fig. 4B, lane 3) . Moreover, the amino acid sequence analysis of the purified FGF-18F protein indicated that FGF-18F contained the Nterminal sequence of EENVDFRIHV as predicted. These data indicated that this protein was secreted from the cells with proper cleavage of the N-terminal signal peptide. To test whether glycosylation causes the difference in the molecular size between this mammalian protein (ϳ32 kDa) and the fulllength protein purified from E. coli (ϳ26 kDa), FGF-18F-producing 293-EBNA cells were treated with tunicamycin and the secreted FGF-18F protein was examined by Western blotting with anti-Flag M2 MAb. As shown in Fig. 4B , the molecular mass of deglycosylated FGF-18F protein was about 28 kDa (lane 2). Since the FGF-18F protein contains an extra 1 kDa of the Flag peptide, the estimated molecular size of the deglycosylated mammalian FGF-18 is approximately the same as that of FGF-18 protein purified from E. coli. To confirm these results, the conditioned medium containing mammalian FGF-18F protein was treated with various deglycosylation enzymes as indicated (lanes 4 to 7). As expected, the N-linked oligosaccharides on mammalian FGF-18F protein could be removed by N-glycanase (lanes 5 and 7) but not by neuraminidase or O-glycanase (lanes 4 and 6) and the deglycosylated FGF-18F comigrated with the tunicamycin-treated FGF-18F (lane 2).
To examine whether rMuFGF-18 can bind to heparin, cell lysate containing rMuFGF-18 was passed through a heparinSepharose column and probed with anti-rMuFGF-18 antibody.
The 22-kDa rMuFGF-18 proteins were detected in the bound fractions (Fig. 4C, lanes 3 and 4) , indicating that rMuFGF-18 can bind to heparin specifically. Furthermore, BIAcore assays indicated that rMuFGF-18 bound to heparin or soluble HS more strongly than did FGF-2 (data not shown).
rMuFGF-18 stimulates proliferation of fibroblast cell lines in vitro. Since it has been well documented that FGF-1 and FGF-2 can strongly activate DNA synthesis in the NIH 3T3 fibroblast cell line (12, 36) , we investigated whether rMuFGF-18 protein purified from E. coli could stimulate DNA synthesis in NIH 3T3 cells in culture. As shown in Fig. 5 , rMuFGF-18 exerted a dose-dependent increase in DNA synthesis in NIH 3T3 cells, suggesting that it stimulates the proliferation of fibroblasts. In comparison to the negative control, half-maximal stimulation occurred at ϳ2 ng/ml and maximal stimulation occurred at ϳ10 ng/ml. Furthermore, similar results were obtained in the MTS cell proliferation assay (Promega, Inc.), where rMuFGF-18 showed a dose-dependent augmentation of NIH 3T3 cell growth (data not shown). The mitogenic activity of E. coli-derived rMuFGF-18 protein on NIH 3T3 cells was virtually the same as that of mammalian FGF-18F protein (data not shown). However, the specific activity of rMuFGF-18 on NIH 3T3 cells was considerably lower than that induced by FGF-2.
To determine whether cell-associated HS is required for the mitogenic activity of rMuFGF-18, NIH 3T3 cells were cultured in the same DMEM containing 30 mM sodium chlorate for 72 h to block sulfation of cell surface HS proteoglycans (34) and the same cell proliferation assays were performed. Strikingly, the mitogenic activity of rMuFGF-18 on NIH 3T3 cells was completely abolished after sodium chlorate treatment, suggesting that cell-associated HS is essential for rMuFGF-18 activity.
rMuFGF-18 increases the weights of the liver and small intestine and induces proliferation in many cell types in vivo. We next sought to determine whether FGF-18 modulated cell proliferation in vivo by injecting purified rMuFGF-18 protein into normal mice. As listed in Table 1 , mice injected with rMuFGF-18 had significantly increased duodenal, jejunal, ileal, and hepatic wet weights after 7 days. There were also significant increases in the cholesterol levels in serum on days 1 and 7 and in the total protein and albumin levels in serum on day 7. There was a significant decrease in the alkaline phosphatase level in serum on both days 3 and 7. Histologically, rMuFGF-18 induced marked intestinal villus hypertrophy, characterized by an increase in both villus length and width, after 7 days of treatment (Fig.  6 ). In addition, an increase in BrdU nuclear labeling of 
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hepatocytes, urinary bladder transitional urothelium, and pancreatic ductal and acinar epithelial cells was observed (Table 1 ; Fig. 7 ). rMuFGF-18 increased the number of BrdU-labeled smooth muscle cells in the tunica muscularis of the intestine (Fig. 6B ) and urinary bladder (Fig. 7D ) and the number of BrdU-labeled fibroblasts and smooth muscle cells in the pancreatic interstitium (Fig. 7F) . These results indicate that rMuFGF-18 induces proliferation in a wide VOL. 18, 1998 FGF-18 IS A PLEIOTROPIC GROWTH FACTOR 6071 variety of tissues, including tissues of both epithelial and mesenchymal origin. In a separate study, MuFGF-18 was ectopically overexpressed in transgenic mice by using a liver-specific promoter to examine its functional effects in early development as well as in adult tissues. As shown in Table 2 , ectopic hepatic overexpression of FGF-18 as a secretory protein in transgenic mice also induced proliferation in the liver, as evidenced by an increase in liver weight and total number of hepatocyte nuclei per unit area.
DISCUSSION
We have recently identified and isolated a novel mouse and human FGF family member, FGF-18, whose sequence is most similar to that of FGF-8 among the FGF family members. Although the amino acid sequence of mouse FGF-18 is nearly identical (99% identity) to that of human FGF-18, the nucleotide sequence is relatively less highly conserved (90% identity). Unlike FGF-1, FGF-2, and FGF-9 (31), which lack a secretory signal sequence, the first 26 amino acids of the human and mouse FGF-18 protein are hydrophobic residues that are predicted to be signal peptides for secretion. Moreover, FGF-18 contains two potential N-linked glycosylation sites, suggesting that it is a glycoprotein. Indeed, the FGF-18 protein was secreted as a glycoprotein into the tissue culture media when it was expressed in 293T cells (Fig. 4B) . Several other FGF members have also been shown to be glycosylated, although the importance of glycosylation to their function is not well understood.
The purified rMuFGF-18 protein was biologically active in vitro. Like FGF-1 and FGF-2, rMuFGF-18 activated DNA synthesis and cell proliferation in the NIH 3T3 fibroblast cell line. However, its specific activity on NIH 3T3 cells was lower than that of FGF-2. This result suggests that fibroblasts may not be the primary physiological target cell type for FGF-18 or, alternatively, that FGF-18 may be less potent than FGF-2 in general.
It has been shown that FGFs often associate with the extracellular matrix/basement membrane polysaccharide HS (3, 25, 29, 37, 45, 46) , and that HS is essential for the growth-stimulating activity of FGF-2 (17, 22, 34, 48) . Therefore, we also examined whether HS was required for the proliferative effect of rMuFGF-18 on NIH 3T3 cells. Similar to the effect of HS on FGF-2, the proliferation-promoting activity of rMuFGF-18 was dependent on the presence of cell-associated HS. However, the functional role of HS in the matrix interactions of FGF-18 remains unknown.
To determine whether rMuFGF-18 was biologically active in vivo and to determine its functional role in animals, we used two independent approaches to examine its activity in mice. First, rMuFGF-18 protein was systemically administered to normal mice to examine its biological activity in vivo. Morphologic changes indicated that rMuFGF-18 induced proliferation in a wide variety of tissues of both epithelial and mesenchymal origin, effects which were somewhat similar to those induced by systemic administration of FGF-1 (8a). The epithelial proliferative effects were also somewhat similar to but considerably smaller than the effects induced by keratinocyte growth factor (KGF or FGF-7) (20) . Nevertheless, the two tissues which appeared to be the primary targets of rMuFGF-18 were the liver and small intestine, both of which exhibited histologic evidence of proliferation and showed significant gains in weight after 7 (sometimes 3) days of rMuFGF-18 treatment. By using BrdU to access proliferative activity, the primary in vivo target cells for rMuFGF-18 were identified as hepatocytes. Additional sites of nuclear BrdU labeling were urinary bladder transitional urothelium, pancreatic ductal and acinar epithelium, smooth muscle cells in the tunica muscularis of the intestine and urinary bladder, and fibroblasts and smooth muscle cells in the pancreatic interstitium. The functional effects of increased labeling at these sites are unknown since morphologic evidence of cell proliferation (e.g., hyperplasia) was not evident in these tissues.
The second in vivo approach was to overexpress MuFGF-18 ectopically in transgenic mice by using a liver-specific promoter to examine its functional effects during development as well as in adult tissues. As expected, hepatic overexpression of MuFGF-18 protein induced a significant increase in liver weight as well as an increase in the total number of hepatocytes per unit area (Table 2) . FGF-18-overexpressing transgenic mice did not exhibit any significant changes in the small intestine, suggesting that MuFGF-18 may not have reached the small intestine in sufficient quantities to induce proliferative changes. Thus, these two independent in vivo approaches yielded qualitatively similar but not identical effects.
The mechanism by which FGFs stimulate cell proliferation is thought to be mediated by a dual-receptor system, i.e., FGFR and HS proteoglycans (reviewed in references 11 and 25). The FGFR family consists of four distinct tyrosine kinase receptors and many isoforms of these receptors which are generated by alternative RNA splicing. Therefore, a number of the FGFR isoforms can bind several FGFs. At present, it is not clear whether FGF-18 binds to any known member of the FGFR family or whether it requires a novel receptor to transduce its proliferative signal into cells. Identification of the specific receptor for FGF-18 and its expression pattern in embryonic and adult tissues should help elucidate its physiological role. Furthermore, understanding the involvement of HS in the ligandreceptor interaction might clarify the observed effect of HS in the in vitro mitogenic assay.
In summary, we have identified, characterized, and studied the function of a novel member of the FGF family, FGF-18. FGFs are potent mitogens for a wide variety of cells of mesenchymal and neuroectodermal origin. Moreover, FGFs play a role in the differentiation of a variety of cells and are involved in morphogenesis, angiogenesis, and development. Thus, identification and characterization of a novel FGF may contribute to a better understanding of the role that FGFs play in normal development and pathologic processes.
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